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Developing new cement based materials with excellent mechanical and 
attenuation properties is critically important for both medical and nuclear power 
industries. Concrete continues to be the primary choice material for the shielding of 
gamma and neutron radiation in facilities such as nuclear reactors, nuclear waste 
repositories, spent nuclear fuel pools, heavy particle radiotherapy rooms, particles 
accelerators, among others. The purpose of this research was to manufacture cement 
pastes modified with magnetite and samarium oxide and evaluate the feasibility of 
utilizing them for shielding of gamma and neutron radiation. Two different experiments 
were conducted to accomplish these goals.  In the first one, Portland cement pastes 
modified with different loading of fine magnetite were fabricated and investigated for 
application in gamma radiation shielding. The experimental results were verified 
theoretically through XCOM and the Monte Carlo N-Particle (MCNP) transport code. 
Scanning electron microscopy and x-ray diffraction tests were used to investigate the 
microstructure of the samples. Mechanical characterization was also perfornmed by 
compression testing. The results suggest that fine magnetite is a suitable aggregate for 
increasing the compressive and flexural strength of white Portland cement pastes; 
however, there is no improvement of the attenuation at intermediate energy (662 keV). 
For the second experiment, cement pastes with different concentrations of samarium 
oxide were fabricated and tested for shielding against thermal neutrons. MCNP 
simulations were used to validate the experimental work. The result shows that samarium 
oxide increases the effective thermal cross section of Portland cement and has the 
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1.1.  SCOPE OF THE WORK 
Concrete is the most common shielding material for ionizing radiation. It is 
extensively used in facilities such as nuclear reactors, spent nuclear fuel repositories, 
particle accelerators, radiotherapy rooms, among others. As a shielding material, concrete 
is very attractive because its attenuation properties which can be easily tailored by 
controlling its chemical composition. Moreover, concrete has relative inexpensive 
fabrication cost and can be cast in many complex forms exhibiting good mechanical, 
structural and physicochemical properties. All these characteristics make concrete a 
suitable material for the aforementioned shielding applications.   
There has been extensive work about the optimization of the key properties of 
concrete for shielding applications in both nuclear and medical industries. An important 
area of research has look at the improvement of radiation shielding properties through the 
use of admixtures. They are ingredients added in small proportion to modify primarily the 
structural strength and the radiation capacity of concrete. While much effort has been 
spent studying the effect of coarse aggregates, relatively little is known about the effect 
of using nano and fine aggregates on the final properties of radiation shielding concrete 
(RSC). Therefore, any attempt to contribute to the understanding of radiation shielding in 
concrete modified with these types of aggregates is helpful for the radiation shielding 
community.  
Studying the effect of nano and fine aggregates on the properties of concrete is a 
very broad research topic.  In order to make the objectives of this work more focused and 
achievable, this research is particularly concerned with the effect of adding fine 
magnetite and samarium oxide powders on the structural, mechanical and attenuation 
properties of white ordinary Portland cement pastes. The study was done using a 
combination of experimental and simulation techniques. The experimental techniques 
were used to characterize the structural properties of the composites, measure the stress-
strain curves of the samples and determine their attenuation properties. The simulations 
were performed to make comparisons with the radiation transmission experiments and 
predict the attenuation properties of the studied composites.    
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1.2. RESEARCH OBJECTIVES 
The following were the objectives for this work:  
 Fabricate cement samples with different content of magnetite and samarium oxide 
powders.  
 Perform structural and mechanical characterization of the fabricated composites. 
 Investigate the attenuation properties of the cement samples exposed to neutrons 
and gamma rays. 
 To perform numerical simulations in MCNP to predict the attenuation properties 
of the cement composites.  
1.3. MAIN CONTRIBUTIONS 
Even though more experimental work will have to be conducted in the future to 
improve our understanding of the attenuation properties of cement composites, the 
objectives of the present work were accomplished and the information revealed 
contributes to the knowledge of nuclear radiation shielding. In summary, this work 
present evidence that the addition of fine magnetite powder could improve the 
mechanical properties of cement based materials, particularly their compression and 
tensile strengths. However, the use of fine magnetite is not a suitable option for shielding 
gamma radiation since it decreases the density of the composites and does not enhance 
the attenuation properties significantly at the photon energies commonly encountered in 
nuclear applications. On the other hand, mineral admixtures of samarium oxide proved to 
be effective for enhancing the attenuation properties of cement composites against 
thermal neutrons.        
1.4. ORGANIZATION OF THESIS 
The next sections of this thesis are summarized as follows:  
 Section 2: Background contains a comprehensive survey of the scientific literature 
of relevance to this study. This section includes basic information on ionizing 
radiation, interactions of neutrons and gamma rays with matter, Monte Carlo 
simulations, and the use of concrete as a shielding material. The main purpose of 
this section is to introduce some basic concepts and terminology found in the 
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other sections and to frame the activities performed in this work within the current 
understanding of radiation shielding concrete. 
 Section 3: Papers contains the two manuscripts about the experiments that were 
conducted in this research. The first paper gives information about the 
mechanical, structural and gamma ray attenuation properties of cement 
composites modified with magnetite. The second one describes the attenuation 
properties of samarium oxide-cement composites against thermal neutron. Both 
papers described in detailed the experimental techniques that were used in this 
study as well as the main findings. 
 Section 4: Conclusions and Future work presents a summary of the work and 
discusses its main findings and limitations. This section also outlines directions 

















2.1. IONIZING RADIATION AND SHIELDING  
Ionizing radiation is an umbrella term for particles (neutrons, alpha/beta, protons 
and electrons) and electromagnetic waves (X-rays and gamma rays) which carry enough 
energy to remove bound electrons from atoms and molecules [1]. This kind of radiation 
plays an important role in several industries, including but not limited: military, medical, 
aerospace and nuclear power industries. Table 2.1 shows some sources and 
characteristics of the types of ionizing radiation commonly encountered in some the 
aforementioned industries. Despite its widespread use, prolonged or accumulated 
exposure to ionizing radiation can be detrimental to human beings and therefore especial 
measures must be taken to prevent unwanted exposure to it.  The most effective method 
to minimize exposure to external radiation hazards involves the correct use of time, 
distance and shielding [1]. Minimizing the time spend in the proximity to radioactive 
sources, maximizing the distance between the source and exposed person, and using 
suitable shielding is the best way to guarantee radiation protection. Among these 
strategies, shielding is of particular importance because it is the only viable option in 
many situations.  
The practice of radiation shielding consists in placing a barrier between the 
external radioactive source and the receptor. By doing this, some or all the amount of the 
radiation emitted by the source will be scattered or absorbed by the constitutive atoms of 
the shielding material. This process is called attenuation and is the fundamental physical 
principle upon which radiation shielding is based. The attenuation capability of a given 
material is strongly dependent on the type of radiation and the range of energies 
associated with the radiation. Therefore, design and construction of effective radiation 
shields require an in-depth knowledge of the types of interaction between radiation and 
the target material. 
2.2. INTERACTION OF RADIATION WITH MATTER 
In general, ionizing radiation can be categorized into two big groups. The first one 
includes all charged particles such as heavy ions, electrons, protons and alpha particles, 
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which interact with matter primarily through Coulombic forces [2]. This kind of radiation 
is called directly ionizing radiation and it is relatively easy to shield because of the low 
penetrating power associated to charged particles. On the other hand, there is a second 
type of ionizing radiation consisting of high energy photons and neutrons which are 
electrically neutral. They interact with matter by different electromagnetic mechanisms 
producing indirect ionization of atoms[2]. Indirectly ionizing radiations pass easily 
through most materials and hence they are relatively difficult to shield as compared to 
charged particles. The mechanisms by which neutrons and photons interact with matter 
are summarized next section.  
 
Table 2.1 Types of ionizing radiation encountered in different industries [3] 
Industry Radiation Sources Composition Typical Energy Range 
Aerospace i. Galactic Cosmic 
Rays (GCR). 
ii. Solar particle events 
(SPE). 
iii. Trapped particle 
belts. 
GCR consist of high-
energy protons (85%), 
alpha particles (14%) 
and heavy nuclei (1%).  
 
SPE consist of transient 
burst of low to medium 
energy protons and 
alpha particles. 
 
Trapped radiation belts 
mainly consist of high 
energy electrons and 
protons.  
i. 10 MeV to 10 
GeV. 
ii. Few MeV to 
100s MeV. 
iii. Electrons: few 
MeV and 
protons: 






i. X-rays and γ-rays. 
ii. Protons and 
electrons. 
Electromagnetic 
radiation: wide range of 
X-rays and γ-rays. 
 
Particle radiation: for 
therapeutic purposes.  
Tens of keV to tens of 
MeV. 
Nuclear Reactors i. Particle emissions 
ii. γ-rays. 
 
Neutrons, alpha and 
beta particles, and γ-
rays. 
  
i. 0 to 15 MeV 
for neutrons,  0 
to 4 MeV for 
alpha and beta 
particles.  




2.2.1. Photon Interactions and Cross Sections. In theory, there are 12 different 
processes by which the electromagnetic field of a gamma ray may interact with matter 
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[4]. Only three of these mechanisms play an important role at relatively low energies 
(<10 MeV) commonly encountered in nuclear shielding applications, they are:  
 Photoelectric effect: The photoelectric process involves the complete transfer of 
the incident photon energy to an atomic electron and its ejection from the atom. 
Photoelectrons can only occur when the photon energy (ℎ𝑣) is larger than the binding 
energy (𝐸𝑏) of atomic electrons.  The photoelectric process can be represented by the 
following reaction:  
𝛾 + 𝑋 → 𝑋+ + 𝑒     (1) 
where 𝑋 is the target atom, which gets an overall positive charge when the electron 𝑒 is 
knocked off from one of its shells by the incident gamma ray photon 𝛾. It is difficult to 
use quantum mechanics principles to calculate the exact cross section of photoelectric 
interactions because of the complexity of the Dirac wave functions for atomic electrons. 
Despite this limitation, theoretical estimates and experimental studies have found that 
there is a strong dependence of the total photoelectric cross section upon the atomic 
number of the target material (𝑍) and the energy of the incident photon (𝐸𝛾) .  A crude 




3.5                (2) 
This equation suggests that the probability of photoelectric effect increases rapidly 
with atomic number of the target atom and decreases sharply with higher incident photo 
energy.  Consequently, this process is especially effective for attenuation of low energy 
gamma photons using heavy atoms.  
 Compton effect: This attenuation mechanism refers to the inelastic scattering of 
photons from free or loosely bound electrons which are at rest [5]. The energy of the 
incident photon is shared between the scattered photon and the kinetic energy of the 
recoil electron. The probability for a Compton scattering interaction was obtained by 
Klein and Nishima in 1929 using electrodynamics quantum theory. They derived an 
adequate quantum-mechanical description for Compton scattering and found an 
expression for the differential collision cross section which is now known as the Klein-
Nishima equation. The Compton scattering probability (𝜎), is almost independent of the 
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atomic number Z, decreases as the photon energy increases and is directly proportional to 
the number of electrons per gram. 
 Pair production: Above incident photon energies of 1.02 MeV, pair production 
becomes increasingly important. In this interaction the photon is completely absorbed and 
in its place appears a positron-negatron pair. The process occurs only in the field of 
charged particles, mainly the nuclear field but also to some degree in the field of an 
electron. The presence of this particle is necessary to ensure momentum conservation. 
Pair production in the vicinity of a nucleus can be represented as follows:  
𝛾 + 𝑋 → 𝑒 + 𝑒+ + 𝑋∗    (3) 
where 𝑋 and 𝑋∗ represent the ground and excited state of a heavy nucleus. The 
probability of occurrence of this process is given by the Pair production cross section 
which can be calculated from quantum electrodynamics using Dirac’s relativistic theory 
of the electron. Theoretical values of pair production cross sections in the Coulombic 
field of the nucleus have been calculated by Bethe and Heitler [6] using plane wave (PW) 
approximation. However, this approximation is not valid for high 𝑍 elements or for low 𝑍 
elements in the low energy region and therefore “Coulombs corrections” need to be bone 
to the PW calculation.  Pair production probability (κ) increases with increasing photon 
energy and has a roughly 𝑍2 dependance.   
For a given material, each of the above-mentioned effects plays a predominant 
role within a specific range of γ ray energies. The relative importance of σ, 𝜏 and κ is 
shown graphically in Figure 2.1. Photoelectric collisions are important only for small ℎ𝑣 
and large 𝑍, pair production is of major importance only for large ℎ𝑣 and large 𝑍, and 
Compton collisions predominate in the entire domain of intermediate ℎ𝑣, for all 𝑍. 
2.2.1.1. Linear attenuation coefficient. The decrease in intensity of a photon 
beam crossing an absorber material is determined by the Lambert-Beer law which can be 
expressed as follows: 
𝐼 = 𝐼0𝑒
−𝜇𝑡𝑥        (4) 
where 𝐼0 is the intensity of the photon beam just before it enters the material and 𝐼 is the 
intensity at a depth 𝑥. The parameter 𝜇𝑡 is known as the total linear attenuation 
coefficient and determines how quickly or slowly a certain photon beam will attenuate 
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while passing through a material. The linear attenuation coefficient is a function not only 
of the photon energy but also of the type and density of the material.  
 
 
Figure 2.1 Relative importance of the three majors types of γ-ray interaction [7] 
 
It is possible to measure experimentally the linear attenuation coefficient of a 
given absorber. To do so, it is just necessary to measure the incoming and outgoing 
intensities of a photon beam that passes through a slab of thickness 𝑥. Figure 2.2 
illustrates the common experimental arrangement for measuring the total attenuation 
coefficient. A narrow beam of photons is defined by circular apertures in two or more 
massive shields, or collimators. When the chosen absorber is placed in the beam, and 
between the collimators, all photons that are coherently or incoherently scattered by a few 
degrees are prevented from reaching the detector, as are nearly all secondary photons 
from photo and pair encounters in the absorber.   
2.2.1.2. Mass attenuation coefficient. For any type of interaction, the mass 
attenuation coefficient is the linear attenuation divided by the density. The mass 
attenuation coefficients are really of more fundamental value than are the linear 
attenuation coefficients, because all mass attenuation coefficients are independent of the 





Figure 2.2 Typical arrangements of source, absorber and detector in ideal “narrow beam” 
for determination of linear attenuation coefficient 
 
2.2.2. Interaction of Neutrons with Matter. Neutrons do not interact with the 
electric field of the atoms because they do not have an effective electric charge. 
Nonetheless, neutrons do feel the strong nuclear force of the nuclei and they can interact 
with it through different mechanisms. Among all the possible interaction processes for 
neutrons, only the following four are important for radiation shielding applications:   
 Elastic scattering: This process is the principal type of interaction of neutrons 
with atomic nuclei and the most important one for slowing down neutrons (Moderation). 
A neutron scattering reaction occurs when the target nucleus emits a single neutron after 
neutron-nucleus interaction. In an elastic scattering reaction between a neutron and a 
target nucleus, there is no energy transferred into nuclear excitation. The elastic scattering 
conserves both momentum and kinetic energy of the system. There is usually some 
transfer of kinetic energy from the incident neutron to the target nucleus. The target 
nucleus gains the same amount of kinetic energy that the neutron loses. For a neutron of 
kinetic energy E encountering a nucleus of atomic weight A, the average energy loss is 
given by:  
2𝐸𝐴
(𝐴+1)2
     (5) 
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This equation shows that in order to reduce the speed of neutrons with the fewest 
number of elastic collisions, target nuclei with small A should be used. For this reason 
light weight elements like hydrogen are used in neutron radiation shields to thermalize 
fast neutrons that can be subsequently absorbed by the other elements of the shield. 
 Inelastic scattering: In an inelastic scattering reaction between a neutron and a 
target nucleus some of the energy of the incident neutron is absorbed to the recoiling 
nucleus and the nucleus remain in an excited state. The nucleus gives up excitation 
energy by emitting one or more gamma rays to reach its ground state. Inelastic scattering 




) × 𝜀1     (6) 
where 𝐸𝑡 is the inelastic threshold energy 𝜀1 is the first excited energy state of the nucleus 
and A is the mass number of the nuclei. In general, the energy of the first excited state of 
nuclei decreases with increasing mass number. Therefore, an inelastic scattering plays an 
important role in slowing down neutrons especially at high energies and by heavy nuclei.  
 Transmutation: In this kind of reaction an element changes into another one when 
a neutron is absorbed by a nucleus. Transmutation reactions can be induced by neutrons 
of all energies and they are important in neutron shielding applications to understand the 
depletion of neutron absorber used commonly in radiation of thermal neutrons. For 
example, one transmutation reaction of interest for neutron shielding is the depletion of 
Boron-10 which is used as an aggregate in shielding applications due to its high neutron 
cross section. When a B-10 nucleus  captures a slow neutron it transforms into Lithium-7 
and emits an ∝-particle: 
𝑛 + 𝐵5
10 → 𝐿𝑖3
7 + 𝛼     (7) 
This transmutation reaction changes not only the attenuation capability of the shielding 
material but also introduces structural changes that can affect the long term stability of 
the shielding [8].  
 Radioactive Capture: It is a very common type of reaction in which a nucleus 
absorbs the neutron and goes into an excited state. To return to the stable state, the 
nucleus emits gamma rays. In this case no transmutation occurs, however the isotopic 
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form of the element changes due to increase in the number of neutron. This reaction can 
be represented by the following equation: 
𝑛 + 𝑋𝑝
𝑛+𝑝 → 𝑋𝑝
𝑛+𝑝+1 + 𝛾    (8) 
Radioactive capture reactions are important in shielding applications because they 
usually determine the final radioactivity of the shielding material after it has been 
exposed to neutron irradiation. Materials used for shielding of neutrons accumulate 
radioisotopes induced by neutron capture reactions and this radioactivity is a primary 
concern at both operational and dismantling stage of the shielding facility [9-10]. 
Therefore, it is important to consider these kinds of reactions when designing neutron 
shields to retain little residual activity.  
2.3. CONCRETE AS RADIATION SHIELDING MATERIAL 
Concrete is a hard compact material formed when a mixture of cement, sand, 
gravel and water undergoes hydration [11]. This composite is considered to be an 
excellent and versatile shielding material with various applications in nuclear power 
plants, particle accelerators, research reactors, nuclear repositories, nuclear waste 
containers, laboratory hot cells and medical facilities. The main advantage of using 
concrete as a shielding material is the ability to tailor the attenuation characteristics by 
varying its chemical composition. Additionally, concrete is a relative inexpensive 
material and can be easily handled and cast into complex shapes.  
The shielding capabilities of concretes are usually controlled by the addition of 
mineral admixtures in the form of fine and coarse aggregates. ASTM C638 standard 
provides two classes of aggregates for use in radiation shielding concrete. The first class 
includes all minerals and rocks with high specific gravity that are suitable for gamma ray 
attenuation. The second group consists of minerals and rocks which are particularly 
effective in absorbing neutrons without highly penetrating gamma rays. Table 2.2 
summarizes the most commonly natural occurring aggregates used for gamma ray and 
neutron shielding. Besides natural occurring minerals, manufactured aggregates such as 
iron, steel balls, steel punch and other additives can be also used to enhance the capability 
of concrete to attenuate neutrons and gamma rays.  
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Many authors have investigated the attenuation properties of concrete with 
addition of both natural and artificial aggregates. As for shielding of gamma radiation, 
the studies suggest the feasibility of using a wide variety of coarse aggregates including: 
ilmenite [12], hematite [13], barite [14], limonite[15], lime[16], magnetite [17], 
galena[18], lead [19] and steel slags [20]. There are also many studies which focused on 
increasing the attenuation coefficient of concrete for neutrons with different additives 
such as boric compounds[21-22], rare earths [23-26] and polymers  [27]. 
Table 2.2 Commonly used aggregates for RSC (Modified from ASTM C638) 
 Class Aggregates 
Gamma Ray 
Shielding   
(Class 1) 
 Iron Minerals: Hematite, Ilmenite, Geothite, Limonite, 
Magnetite, Lepidocrocite. 
 Barium Minerals: WItherite, Barite 




 Boron containing materials: Borax, Kernite, Colemanite, 
Sassolite, Tricalconite, Priceite, Inyoite, Hydroboracite, 
Szaibelyite 
   
Recent investigations have also shown that the size of the aggregates affects the 
final properties of the radiation shielding concrete. Traditionally coarse aggregates (about 
1 cm average size) have been employed in the fabrication of concrete for shielding 
applications. The advent of nanotechnology, however, has opened up new opportunities 
to enhance the properties of radiation shielding concrete at nanoscale. Most of the work 
on this area has been concentrated on the inclusion of nanomaterials to increase the low 
tensile strength and strain capacities of cement based materials. There have been many 
recent studies on newly produced nanomaterials such as nanosilica, nanotitanium oxide, 
nanoiron oxide, carbon nanotubes (CNTs) and graphene oxide (GO) sheets that could be 
used for concrete reinforcement. Figure 2.3 shows the sizes of typical nanofillers that 
have the potential to improve the strength and the durability of concrete. Better 
performance is anticipated by reinforcing cement matrix at nanoscale since their size are 





Figure 2.3 Nano fillers for reinforcement of concrete and cementious matrices [28] 
 
The size aggregates could also have an effect on the attenuation properties of 
concretes. While this topic has been studied to some extent for polymer composites, little 
is known about the effects of nanofillers in the attenuation properties of concrete. 
Conventionally, it has been believed that the shielding capacity of a giving material is 
almost independent of its microstructure, but mainly determined by factors such as the 
type and energy of radiation, the elemental composition and the density of the material. 
Yet, recent work has shown improvement of the attenuation capability of concrete with 
nanofillers compared to their microsized counterparts[29-30]. Since there are different 
opinions upon how the nano effect can improve the radiation shielding properties, it is 
prudent to conduct further investigations to look into these effects, if only to discount 
them as unimportant.   
Besides the addition of aggregates admixtures, the attenuation properties of 
concrete are also determined by the amount of atomic hydrogen present in the attenuator. 
As mentioned earlier, hydrogen is one of the best candidates for neutron shielding 
because it can efficiently slow down the fast neutrons through elastic scattering. Several 
works have studied the variation of the attenuation properties in concretes with addition 
of different hydrogen sources. Belyakov and coworkers[31] reported the shielding 
characteristics of polymer based concretes such as furfurylidene acetone polymer. 
Gunduz and Usanmaz [32] studied shielding properties of polymer impregnated concrete 
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with boron frit as aggregate. Azharul Islam et al [33] investigated the shielding properties 
of polyethylene (PE), lead (Pb), ordinary concrete (OC), heavy concrete (HC), and their 
multi layer PE+OC, PE+HC and PE+Pb. Karitha[34] et al studied the effect of water 
cement/ratio on shielding performance of concrete. Shanin et al[35] studied the effect of 
water to cement ratio, curing conditions, dosage of cement and air entraining agent on the 
gamma radiation shielding performance. As expected, all these works reported 
improvement on neutron shielding performances when concrete was loaded with sources 
containing sufficient hydrogen nuclei.      
2.4. COMPUTATIONAL METHODS  
In the last few decades, several computational methods such as the Monte Carlo 
algorithm have become an indispensible tool to design radiation shielding concretes for 
nuclear applications. The use of these techniques allows not only to perform efficient and 
accurate radiation calculations in complex 3D geometries, but they also help  to find the 
optimum chemical composition of concrete that gives the most suitable attenuation, 
mechanical and physicochemical properties for a given application. Some of the 
advantages of using computational techniques for designing RSC are: 1) allows for 
sensitivity analysis and optimization for real system without need to operate the real 
system, 2) there is better control over experimental conditions than the real system; 3) it 
is possible to evaluate the system on a slower or faster time scale than the real system.  
The Monte Carlo algorithm is used in particle physics to solve the Boltzmann 
transport equation that models the propagation of radiation through matter. The transport 
equation cannot be solved analytically for many practical situations; therefore, it is 
necessary to use numerical techniques such as the Monte Carlo method to obtain realistic 
solutions of the transport equation in 3D complex geometries. Monte Carlo method 
consists of simulating a finite number of particles histories through the use of a pseudo 
random number generator [36]. In each particle history random numbers are generated 
and used to sample appropriate probability distributions for particle/photon initial energy, 
direction of motion, step length, interacting nucleus, type of interaction, new direction, 
etc. By tracking each particle history it is possible to calculate the expectation or mean 
value ?̅? of some quantities such as the flux, current, escape probability, or any number of 
other quantities. Since this method is essentially based on statistical concepts, the answer 
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it gives is not unique; rather it is an estimate which should lie within some confidence 
interval about the “true” answer. The uncertainty associated with the result decreases 
with increasing number of histories. 
Several authors have investigated the attenuation properties of concretes using 
Monte Carlo simulations. The majority of the published work has examined the gamma 
ray attenuation coefficients for concretes with iron , lead [19],  barium [37] and other 
mineral admixtures[38]. Gencel et al [13] carried out numerical calculations using the 
Monte Carlo N-Particle code (MCNP) to determine the gamma shielding characteristics 
of concretes having different hematite proportions.  Computational investigations of 
neutron shielding have also been reported for several concrete compositions with boron 
and polymers additions [39-40]. Sariyer and coworkers [41] studied the neutron 
attenuation properties of concrete modified with ferro boron and boron carbide using 
FLUKA Monte Carlo simulation code. Piotrowski and collaborators [42] study the 
importance of atomic composition and moisture content of cement based composites in 
neutron shielding using MCNP. Agosteo et a l[43] evaluated the shielding capabilities of 
concrete for hadron-therapy accelerators through Monte Carlo simulation with FLUKA 
code. All these simulation works have been validated with experimental measurements 
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This paper concerns about the mechanical, structural and gamma ray attenuation 
properties of eight magnetite-cement composites for potential applications in nuclear 
radiation shielding. Scanning electron microscopy and x-ray diffraction were used to 
investigate the microstructure of the samples. Compression and density test were done 
over all samples. Gamma ray transmission experiments were conducted at 0.662 MeV to 
determine the mass attenuation coefficient of the pastes. The results of the transmission 
experiments were compared with those obtained from Monte Carlo N-Particle (MCNP) 
simulations and XCOM database. Good agreement was found among experimental, 
simulation and theoretical data. Results show that fine magnetite powder is an effective 
aggregate for enhancing the mechanical properties of WOPC pastes; however, its effect 
on the gamma ray attenuation properties is insignificant at the evaluated energy. 
Moreover, the addition of magnetite reduces the density of the cement pastes making 
them unsuitable for gamma ray shielding. 







Gamma and X-rays are produced in a variety of medical, industrial and research 
facilities. As a general rule, levels of exposure to these kinds of radiations should be 
minimized to prevent the potential hazards that they can pose for human beings. One of 
the main methods for minimizing exposure to ionizing radiation is shielding. For this 
reason, the development of new materials with excellent shielding, chemical, physical 
and mechanical properties, is of interest to the scientific community.     
Among the many shielding materials studied, cementitious matrices are of 
particular importance because of their high strength, low cost and convenience in 
production. They are commonly used as structural materials in constructions where 
shielding of ionizing radiation is required including Nuclear Power Plants (NPP), 
geological repositories, hospitals, laboratories, among others. A significant number of 
experimental and theoretical studies are available on the radiation shielding properties of 
cement based materials [1-5]. Most research has been devoted to the development of high 
density concretes for gamma protection [6-8]. Heavy density concretes are usually 
fabricated mixing cement matrices with high Z admixtures [9-10]  and other mineral 
aggregates such as iron oxides [11-12], silica fume [13], fly ash [14], among others. 
Similarly, other studies have been concerned with the fabrication of low weight cement 
based materials which could provide not only good structural properties but also good 
shielding capability [15]. 
Magnetite is a naturally occurring iron oxide which has been extensively used in 
the fabrication of cement based materials for shielding applications. Numerous studies 
have demonstrated the positive effects of using magnetite for the attenuation, 
physicochemical and mechanical properties of cement composites [16-19]. Most of the 
research has focused on the use of magnetite as coarse aggregate; however, the recent 
work published by Ouda [6] shows that magnetite as a fine aggregate can also enhance 
the mechanical properties of heavy weight concretes used in shielding applications. 
Further studies are needed in order to fully understand the role of fine aggregate 
magnetite on the properties of cement based material, as well as its potential in the 
fabrication of new light weight shielding materials.            
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The aim of the present work is to study the effect of the addition of fine magnetite 
powder on the mechanical, physicochemical and gamma attenuation properties of white 
ordinary Portland cement (WOPC) pastes. The compressive strength and microstructure 
of the cement pastes with different rates of magnetite were determined. Additionally, the 
photon attenuation coefficients for the different composite pastes were also measured 
experimentally at 0.662 MeV. The obtained experimental data was compared with the 



















2. EXPERIMENTAL METHODS AND SIMULATION 
 
2.1. MATERIALS 
White ordinary Portland cement (Holcim S.A, Colombia) and commercially 
available magnetite powder (Ferrominerales Ltd, Colombia) with an average particle size 
of X µm were used as starting materials in this study. The chemical properties for WOPC 
and magnetite powder are summarized in Table 2.1.  
 




CaO (%) 65.2 3.4 
SiO2 (%) 20.1 2.28 
Al2O3 (%) 4.28 0.8 
MgO (%) 2.9 0.52 
Fe2O3 (%) 3.02 - 
SO3 (%) 3 - 
MnO (%) - 0.8 
Fe3O4 - 87.0 
LOI 1.5 5.2 
  
2.2. COMPOSITE PROCESSING 
Seven types of Fe3O4-WOPC composite materials, designated M4, M5, M6, M7, 
M8, M9 and M10, were prepared. An additional plain WOPC paste, named M1 was also 
fabricated and was used as a control material. Sample names and compositions are given 
in Table 2.2.  For all mixtures the water-to-cement ratio was kept at 0.4.  Each paste was 
prepared according to the following procedure. Firstly, Fe3O4 powder and WOPC were 
mixed mechanically for 30 min in a X. Subsequently, the powder was mixed with water 
for 15 min at 60 rpm. The resulting paste was then cast into cylindrical molds with an 
inner diameter of 20 cm and  30 cm depth. After 24 hours, the hardened cement specimen 
was demolded and cured in a hermetically closed container over 28 days. All the 
specimens were allowed to dry in the air for 12 h before they were subjected to 
mechanical test.      
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2.3. MECHANICAL TESTING 
The compressive strength of the cement pastes was measured according to the  
standard procedure. Compressive strengths tests were conducted on cubes. To 
characterize the tensile behavior of each specimen, uniaxial tension tests were performed 
on the specimens using an Instron Machine 3382. A set of N samples were tested using a 
crosshead speed of 1mm min-1. During the tests, the loading force and elongation were 
measured. Two linear variable differential transducers were attached to both sides of the 
center of the tensile specimen to measure the elongation.  
 
Table 2.2 Composition of the cement samples used in this study 
Sample Powder (g) Liquid (g) 
WOPC Fe3O4 Water 
M1 100 0 40 
M4 99 1 39.6 
M5 97.5 2.5 39 
M6 95 5 38 
M7 90 10 36 
M8 80 20 32 
M9 60 40 24 
M10 50 50 20 
 
2.4. STRUCTURAL ANALYSIS  
The microstructural properties of magnetite-WOPC composites were evaluated by 
x-ray diffraction (XRD) and scanning electron microscopy (SEM). XRD measurements 
were conducted  in an X’Pert PRO diffractometer (Cu Kα radiation, λ=1.5406 Å), using 
45 kV voltage and scanning between 28° and 58°. SEM Images were acquired using a 
JEOL JSM 6700R high resolution scanning electron microscope in high vacuum mode. 
The operation voltage was 20 kV and images were taken at five different magnifications 
(500x, 1000x, 2000x, 5000x and 10000x). All samples analyzed by SEM were subjected 
to a preparation procedure to get a flat surface with uniform analysis condition across the 
region of interest. The preparation procedure required the samples to be dehydrated in a 
furnace at 30  ̊C for 24 hours. The samples were then cracked to expose the 
microstructure. Thereafter, samples were sputtered in a Hummer 6.2 system (15 mA AC 
for 30 sec) creating approximately a 1nm thick film of Au.   
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2.5. GAMMA RAY ATTENUATION   
The linear attenuation coefficients (µ, cm-1) of the samples were measured by 
gamma transmission experiments in narrow beam geometry conditions. Figure 2.1 shows 
the experimental arrangement layout and the measuring system used in the present work. 
The photon transmission values were measured using a detection system consisting of a 
scintillation sodium iodide NaI(Tl) detector (Ortec 3M3/3-X), a photomultiplier base tube 
with preamplifier (Ortec 276), a high voltage supply (Ortec 556), a amplifier (Ortec 672) 
and a multichannel analyzer (Ortec Easy MCA). Gamma spectra were obtained with the 
acquisition software Maestro. A  Cs137 (662 keV) source was used. The source was 
shielded by pin hole lead collimator to obtained narrow beam conditions. Each 
experiment was counted for 45 minutes. The linear attenuation coefficient (µ, cm-1) were 







)                    (1) 
Where 𝑥 is the sample thickness, 𝐼𝑥and 𝐼0 are the incident and transmitted beam 
intensities respectively. The incident intensity was determined without a shielding sample 
present.  
The half value layer (HVL) and the tenth value layer (TVL) for each pastes were 
also calculates. HVL and TVL are the thickness of a given material needed to reduce the 





,              𝑇𝑉𝐿 =
2.303
𝜇
                         (2) 
The overall error in the experimental measurements was calculated using error 
propagation rules. The error is due to the evaluation of peak areas, sample thickness 
measurement, density measurements and counting statistics.  
2.6. XCOM CALCULATIONS 
Theoretical values of the mass attenuation coefficient for the samples were also 
calculated using the program XCOM[20]. This is a photon cross section database 
compiled by the National Institute of Standards and Technology of the United States of 
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America (NIST). XCOM provides the total cross section as well as the partial cross 
section for the following processes: incoherent scattering, coherent scattering, 
photoelectric absorption, and pair production in the field of the atomic nucleus and in the 
field of atomic electrons. Table 2.3 shows the quantum theoretical models used to obtain 
the cross sections for the aforementioned processes. The data concerns elements with 
atomic number up to 100 and photon energies from 1 keV to 1GeV. Cross sections for 
compounds are also determined by XCOM using a weighted mixture rule for the atomic 
constituents. In this case, the chemical effect, molecular bonding and crystal structure of 




Figure 2.1 a) Narrow beam geometrical set up, b) Picture of the experimental setup, c) 




Table 2.3 Theoretical models used in XCOM database [20] 
Interaction Mechanism Models 
Incoherent scattering  Nishima-Klein equation and non relativistic Hartree-
Fock incoherent scattering functions. 
Coherent scattering  Thomson formula and relativistic Hartree-Fock atomic 
form factors. 
Photoelectric ≤ 1.5 MeV  Scofield’s equation. 
> 1.5 𝑀𝑒𝑉  Semiempirical equation calculated by Pratt. 
Pair-production Bethe-Heitler theory.  
 
XCOM was also used to calculate the equivalent atomic number 𝑍𝑒𝑞 of the 
cement. This is a single parameter used to describe the properties of the composites in 
terms of the equivalent elements and identify the predominant attenuation mechanism at 
different energy regions. 𝑍𝑒𝑞 can be estimated from the ratio of the Compton partial mass 
attenuation coefficient relative to the total mass attenuation coefficient at a specific 
photon energy, using the following equation: 
𝑍𝑒𝑞 =
𝑍1(log 𝑅2−log 𝑅)+𝑍2(log 𝑅−log 𝑅1)
log 𝑅2−log 𝑅1
                                   (3) 
Where 𝑍1 and 𝑍2 are the atomic numbers of elements corresponding to (
𝜇𝑐𝑜𝑚𝑝
𝜇𝑡𝑜𝑡𝑎𝑙
) ratios 𝑅1 
and 𝑅2 respectively, and 𝑅 (
𝜇𝑐𝑜𝑚𝑝
𝜇𝑡𝑜𝑡𝑎𝑙
) is the ratio for the selected material at a particular 
energy, which lies between 𝑅1 and 𝑅2. 
2.7. MCNP SIMULATIONS 
A Monte Carlo code was developed to estimate the attenuation parameters of the 
cement samples. Radiation transport calculations were done using the Monte Carlo N-
Particle (MCNP) code, version 6.1 [21] . This software is widely used in radiation 
physics for neutron, photon, electron, and coupled neutron/photon/electron transport 
calculations. In this work, the calculations were performed only in the photon transport 
mode. Attenuation of photons is calculated by simulating all relevant physical processes 
and interactions before and after inserting the investigated sample. The simulations 
assumed that the samples do not have any cracks and the chemical composition is 
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homogeneous throughout all the volume. Tally F2 was used to obtain the average surface 
flux at the detector location. All simulations were performed with 100000 histories and 
the tally results passed all statistical checks and had relative errors less than 1%. 
2.7.1. Geometry. For modeling purposes, the geometry of the transmission 
experiment presented in section 2.5 was simplified as shown in Figure 2.2. The simulated 
geometry consists of two identical lead bricks with hole in the center which are used as 
collimators for gamma rays. The two lead bricks are aligned between source and detector 
and separated by 5cm from each other. The simulated samples consist of cylinders with 
the same dimensions as the samples used for transmission experiments. The photon 
weight factor is 1 in all cells and zero in the cutoff region (outside the boundary surface 
of the problem). 
     
 
Figure 2.2 Simulation setup for MCNP calculations 
 
2.7.2. Gamma Source and Detector. The radiation source was modeled as a 
isotropic, monoenergetic point source for the selected gamma ray energy of 0.662 MeV. 
The source is located at 0.5 cm away from the entry plane of the first lead collimator 
whereas the detector (F2 tally) was located at the exit plane of the second lead collimator.    
2.7.3. Material Specification. The elemental composition of the samples used in 
MCNP simulations was determined from the mix proportions and oxide composition of 
the starting materials given in section 2.1. The corrected composition for each sample 
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was calculated following the procedure described by Piotroski et al [22]. Table 2.4 
summarizes the elemental composition of each sample used for MCNP simulations.  
 
Table 2.4 Elemental Composition of samples used for MCNP simulations 
Sample Density 
(g/cm3) 
Element Weight (%) 
H Si O Al Fe Ca Mg S Mn 
M1 1.80 3.17 6.81 50.90 1.64 1.53 33.80 1.27 0.87 - 
M5 1.88 3.12  6.69 50.48 1.61 2.80 33.19 1.25 0.86 0.01 
M6 1.84 3.06 6.57 50.06 1.58 4.10 32.57 1.22 0.84 0.02 
M7 1.70 2.94 6.31 49.19 1.52 6.74 31.31 1.17 0.81  0.05 
M8 1.75 2.69 5.78 47.38 1.39 12.26 28.68 1.08 0.74 0.10 
M9 1.60 2.15 4.62 43.40 1.11 24.37 22.89 0.86 0.59 0.21 
















3. RESULTS AND DISCUSSION 
 
3.1. COMPRESSIVE STRENGTH  
Figure 3.1 shows the variations in the compressive strengths of the hardened 
WOPC pastes modified with different ratios of magnetite at 28 days of curing. For pastes 
made of mixes M5, M6, M7 and M8, the compressive strength values were found to be 
higher than the one obtained for the control cement sample M1. An overall analysis of 
Figure 3.1 shows that the correlation between the compressive strength and magnetite 
concentration is complex, but it tends to have a maximum enhancement about 10 wt% of 
magnetite, with strength decreasing again at higher values. This behavior is also observed 
in the stress strain curves of next section. Hydration tests are needed to gain additional 
understanding into the different competing mechanism responsible for this behavior.     
 
 
Figure 3.1 Effect of magnetite on the compressive strength of magnetite- WOPC 
composites 
 
Typical stress-strain curves for the control and the composite specimens are 
presented in Figure 3.2. In order to understand the effect of magnetite addition to the 
stress-strain behavior of the samples, both the pre-peak and the post-peak regions are 
analyzed separately. Firstly, one of the most notorious effects in the pre-peak zone is the 
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change in the strength of the samples due to magnetite addition. Specimens M4, M5, M6, 
M7 and M8 show an increment in the peak stress relative to the plain sample, whereas 
specimens M9 and M10 a reduction in the peak strength is observed. It is also worth 
noticing that all the samples with magnetite show an increase in the strain corresponding 
to peak stress which suggests that the initiation of microcracks propagation is delayed by 
the presence of magnetite. As far as the post-peak zone is concerned, the curves show 
that cementious matrices M1, M4, M8 and M10 have a sharp descending branch which is 
characteristic of brittle materials. On the other hand, samples M5, M6, M7 and M9 
exhibit a more slowly and longer descending branch; thus, these specimens are not only 
more ductile but they are also more tough than the control sample.  
 
 
Figure 3.2 Typical stress-strain curves for the cement-magnetite composites 
 
3.2. DENSITY 
The density values for the fabricated pastes are shown in Figure. 3.3. In general, it 
is observed that the addition of magnetite decreases the density of the specimens; 
however, it is not easy to establish a correlation between these two variables because the 
behavior is complex. 
28 
 
3.3. MICROSTRUCTURE  
SEM images of the control cement paste and the composites with 1%, 2.5%, 5%, 
10%, 20%, 40% and 50% magnetite are shown in Figure 3.4. The improvement on the 
mechanical and physical properties of the samples reinforced with magnetite can be 
elucidated through the microstructural characteristics observed in the micrographs.  For 
the cement pastes containing 2.5%, 10% and 20% magnetite, the SEM images reveal that 
there is a uniform microstructure with good distribution of magnetite particles throughout 
the cementitious matrix. For this reason, and due to the filling effect of the magnetite 
particles, higher values of compressive strength and density are obtained for these 
specimens as compared to those obtained for the plain cement sample. On the other hand, 
the SEM micrographs of the specimens with 40% and 50% magnetite show a relative less 
homogeneous microstructure with some agglomerated magnetite particles. This 
microstructural heterogeneity explains why the addition of magnetite beyond 20 wt% 
leads to a reduction of both compressive strength and density.  
 


























Figure 3.5 shows the XRD patters for the WOPC with magnetite samples 
fabricated.  Results show that magnetite particles did not interact much to form new 
radical phases more than the normal one that appear in cement. As expected, magnetite 
contents increase in samples with the magnetite loading. This is in some way a good 




Figure 3.4 SEM micrographs of the studied samples 
 
3.5. GAMMA RAY ATTENUATION 
Figure 3.6 shows the mass attenuation coefficients (MCA) for the investigated 
composites obtained from the experimental measurements at 0.662 MeV. The results 
suggest that the addition of magnetite does not modify the attenuation properties of 
cement pastes significantly. This can be attributed to the low contribution of the 
photoelectric absorption and pair production attenuation mechanisms at this range of 
energy. The experimental HVL and TVL for the WOPC-magnetite composites are plotted 
in Figure 3.7. Even though the variation in the values for the different composites is 
small, the trend in the plot shows that sample with 10 wt% of magnetite shows the 
minimum HVL and TVL indicating that this composition is slightly advantageous from a 




Figure 3.5 XRD patterns for white ordinary Portland cement paste with magnetite 
 


















C s - 1 3 7  ( 0 .6 6 2 M e V )
 
Figure 3.6 Total mass attenuation coefficient (cm2/g) of gamma rays at 0.662 MeV for 




Table 3.1 compares the different values of MCAs obtained from experiments, 
MCNP simulations and XCOM. The data is also plotted in Figure 3.8. In general, there is 
satisfactory agreement between the experimental, simulation and theoretical values. 
Differences between experimental and theoretical results can be attributed to deviation 
from the narrow beam geometry in the source detector arrangement. 
 












Figure 3.7 Experimental HVL and TVL at 0.662 MeV for the WOPC-Magnetite 
composites 
 
Table 3.1 Mass attenuation coefficient of the studies samples obtained from experimental 





% SD  
MCNP %RPD XCOM %RPD 
M1 (0%) 0.07601 8.5% 0.07032 0.077 0.07976 
 
0.048 
M5 (2.5%) 0.06683 9.3% 0.06910 0.033 0.07930 
 
0.171 
M6 (5.0%) 0.06906 8.2% 0.06544 0.053 0.07920 
 
0.137 
M7 (10%) 0.08293 13% 0.07113 0.153 0.07898 0.049 
M8 (20%) 0.07426 12% 0.06739 0.096 0.07854 0.056 
M9 (40%) 0.08229 13% 0.07154 0.139 0.07757 0.059 




Table 3.2 shows the effective atomic number (𝑍𝑒𝑓𝑓) for each sample calculated 
from XCOM data. As shown in Figure 3.9, at 0.662 MeV the predominant interaction of 
gamma rays in the samples is Compton scattering.  The compositional effect on the 
attenuation properties of the samples is reduced when Compton scattering is the dominant 
attenuation mechanism. For this reason, differences in the chemical composition of the 
fabricated samples can produce only minimal changes on the attenuation properties in the 
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Figure 3.8 Mass attenuation coefficients for WOPC-magnetite pastes calculated from 
experimental data, MCNP simulations and XCOM database 
 




M1 0 21.93 
M5 2.5 17.06 
M6 5 17.03 
M7 10 17.01 
M8 20 17.63 
M9 40 18.78 
























The present work analyzed the microstructural, mechanical and gamma 
attenuation properties of various composites made of white ordinary Portland cement and 
magnetite. On the basis of the previous experimental findings, the following conclusions 
can be derived:  
 The addition of magnetite affects the mechanical properties of the cement pastes. 
The hardened pastes made of magnetite-WOPC mixture with 2.5%, 5%, 10% and 20% by 
weight of magnetite showed higher compressive strength values than the plain WOPC 
paste. The highest value of compressive strength was obtained by substitution of WOPC 
with 10 wt% of magnetite. Conversely, substitution of WOPC with 1%, 40% and 50% by 
weight of magnetite reduce the compressive strength of the pastes with respect to the 
plain WOPC paste.  
 The addition of magnetite to WOPC pastes also affects the stress-strain response 
of the samples. On the one hand, composites with 1% and 20% by weight of magnetite 
exhibited the same kind of brittle behavior obtained for the plain WOPC paste; although, 
these pastes showed a higher peak stress with respect to the control sample. On the other 
hand, a more ductile behavior was observed in composites prepared with magnetite 
additions of 2.5%, 5%, 10%, and 40%. For all these samples, the peak stress and the 
strain corresponding to peak stress were enhanced with respect to the plain WOPC 
control sample. Further improvements in toughness are also achieved for the samples 
with ductile behavior.   
 Analysis of cement-magnetite composites microstructures from SEM images 
shows that the samples with improved mechanical properties have a homogeneous 
microstructure with good dispersion of the magnetite particles inside the cement matrix. 
On the contrary, the samples with poor mechanical performance have a heterogeneous 
microstructure with some agglomeration of magnetite particles which leads to lower 
values of compressive and tensile strength. 
 Gamma ray attenuation measurements demonstrate that the addition of magnetite 
has little effect on the attenuation properties of the composite at 0.662 MeV. At this 
energy, the predominant attenuation mechanism in the samples is Compton scattering; 
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therefore, the compositional effect upon the attenuation characteristics of the samples is 
small and the differences in the attenuation properties among the fabricated samples are 
small too.  
 From the calculation and the validation of the experiment performed it is clear 
that the Monte Carlo method is a feasible numerical technique to predict the attenuation 
properties of magnetite-WOPC composites. Both experimental and simulation results 
show good agreement with small differences which are probably attributable to the 
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This work present research on the neutron shielding properties of white ordinary 
Portland cement (WOPC) pastes modified with samarium oxide (Sm2O3). Five 
composites with varied content of Sm2O3 were prepared in order to evaluate the effect of 
the additive on the thermal neutron attenuation properties. Neutron transmission 
experiments were conducted using a PuBe neutron source moderated with light water. 
Monte Carlo n-Particle (MCNP) simulations were also performed in parallel. Good 
agreement was found between the experimental and simulation results with some 
differences attributable to uncertainties in the energy spectrum and chemical composition 
of the simulated source. Both experimental and simulation results show that samarium 
oxide is an effective additive to enhance the attenuation properties of WOPC against 
thermal neutrons. A linear correlation was observed between the effectiveness of the 
shielding and the concentration of samarium oxide in the paste. 









Concrete is a composite material which is extensively used for radiation shielding 
in facilities such as particles accelerators, hospitals, nuclear power plants and nuclear 
repositories. Besides their excellent structural properties, the attenuation properties of 
concrete can be customized according to the specific radiation type, the activity of the 
source and the radiation dose. This is done by using different additives which modify the 
radiation shielding capability of concrete without causing detrimental effects on the 
structural and engineering properties such as compressive strength and workability.          
The role of the chemical composition of concrete is particularly important for the 
effective attenuation of neutrons in nuclear reactors. An extensive body of work has been 
reported on this area with special interest on the influence of moisture [1-2] and neutron 
absorbers fillers [3-5] on the neutron attenuation properties in concrete. Traditionally, 
boron bearing compounds have been used as neutron absorbers in radiation shields [6-8]; 
however, the attenuation of neutrons with boron compounds leads to the concomitant 
production of helium bubbles which rapidly deteriorate the mechanical properties of the 
shielding material [9]. As a result, other mineral admixtures such as rare earth oxides 
have been also studied as alternative fillers in neutron shields [10-11]. 
Rare earth elements like gadolinium, europium, samarium and dysprosium are 
commonly used in the nuclear industry due to its large cross sections for thermal 
neutrons. Among these rare elements, samarium and its compounds are of special interest 
for shielding applications in nuclear reactors because of their stability for neutron 
absorption, relative low cost and natural abundance. Additionally, samarium has a 
relative high atomic number (Z=62) and hence it can be also used to enhance the 
attenuation of the gamma radiation emitted by nuclear reactors. 
The potential use of samarium in radiation shielding concretes requires further 
investigation in order to find the optimal mixture with the desired structural and shielding 
characteristics.  In the present work, the effect of samarium oxide on the neutron 
shielding properties of cement pastes has been investigated. The macroscopic cross 
sections of cement pastes with varied content of samarium oxide were evaluated using 
both irradiation measurements and Monte-Carlo calculations.   
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2. EXPERIMENTAL METHODS 
 
2.1. MATERIALS AND SAMPLE PREPARATION 
The samples analyzed in this study were prepared using White ordinary Portland 
cement (WOPC) supplied by Holcim S.A. Colombia and Samarium (III) Oxide (Sm2O3) 
provided by Alfa Aesar. Table 2.1 shows the chemical composition of the starting 
powder determined by XRF. Five cement pastes with different loading of samarium 
oxide were fabricated by mixing water and binder (WOPC+ Sm2O3) in a mechanical 
stirrer for 30 minutes. For all samples the water-to-cement mass ratio (w/c) was kept 
constant at 0.4. After mixing, the pastes were cast into cylindrical moldes and cured in a 
container hermetically closed to air contact for 28 days. Thereafter, the pastes were 
demolded and labeled as S0, S1, S5, S10 and S20 with the number representing the mass 
percentage of samarium oxide replacing cement. Table 2.1 summarizes the composition 
of the cement samples used in this study.  
 
Table 2.1 Chemical composition of the WOPC cement and Samarium Oxide 
Material Chemical Composition (wt %) 
Cement  SiO2 (20.1), Al2O3 (4.28), Fe2O3 (3.02), CaO (65.2), MgO (2.9), SO3 
(3.0), Residue (1.5) 
Samariu
m Oxide  
Sm2O3 (99.9), Total Rare Earth Impurities (0.001 max.) 
 
Table 2.2 Composition of the cement samples used in this study 
Sample Binder (g) Liquid (g) 
 Cement Sm2O3 Water 
S0 100 0 40 
S1 99 1 39.6 
S5 95 5 38 
S10 90 10 36 
S20 80 20 32 
 
Density test were conducted over all samples fabricated by measuring the weight 
and cylinder dimensions. Every composition was measured on five samples. 
41 
 
2.2. ATTENUATION EXPERIMENTS 
A schematic of the experimental setup used for the neutron transmission 
measurements and its geometric details are shown in Figure 2.1.  The measurements were 
performed using the thermal neutrons produced by thermalization of the fast neutrons 
emitted by a PuBe source submerged in light water. The beam of thermal neutrons was 
extracted using a paraffin collimator in one side of the water container. The counting time 
was 20 minutes and the neutrons were counted using a Helium-3 proportional neutron 
detector (0.5NH1/1K Canberra). For all the measurements, the PuBe source was located 
17 cm away from the paraffin collimator as indicated in Fig 1(c).  
The macroscopic cross section (∑, 𝑐𝑚−1) for each sample was calculated using 







)                  (1) 
where 𝑥 is the thickness of the sample, 𝐼𝑥 and 𝐼0 are the incident and transmitted beam 
intensities respectively. The incident intensity was measured without a shielding sample 
present. 
2.3. MNCP SIMULATION  
Numerical simulations were performed to compare, verify and validate the 
accuracy of the experimental results. The simulations were conducted using Monte Carlo 
N-Particle Transport Code version 6 (MCNP6) developed at the Los Alamos National 
Laboratory [12]. MCNP6 is a transport code used for modeling the interaction of 
radiation with matter. In this study, all simulations were performed with 108 histories to 
get fail statistical properties. The error of the simulated results was less than 0.5% in all 
cases. This error does not include the uncertainties due to material composition, geometry 
and source definition. No variance reduction techniques were applied.    
2.3.1. Geometry and Material Specification. Figure. 2.2 shows the geometrical 
model used in MCNP simulations. Apart from the He-3 detector, all components of the 
experimental arrangement were simulated with the same dimensions of the experimental 
setup described in section 2.2. The geometry of the He-3 neutron detector was simplified 
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to a small cylinder with dimensions 1 cm x 1 cm. This volume corresponds to the active 
volume of the neutron detector used in this study.   
 
 
Figure 2.1 (a) Experimental set-up for neutron transmission measurements; (b) paraffin 
block used as collimator and (c) water tank indicating the source location 
 
The composition and properties of the borated paraffin, Pu-Be source, plastic 
container and 3-He detector were either supplied by the manufacturer or taken from 
compendium material composition data [13]. The atomic composition of the samples was 
determined from the oxide composition of the starting materials given in Table 2.1, as 
proposed by Piotrowski et al [2]. The atomic compositions of the different materials used 
in MCNP modeling of the experimental setup are provided in Table 2.3.    
2.3.2. Neutron Source. To simulate the Pu-Be source used in the experiment an 
isotropic volumetric source was implemented. Unfortunately, the initial plutonium 
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isotopic abundances of the Missouri S&T’s neutron source are unknown; therefore, the 
current neutron flux and the energy distribution of the source remain uncertain. Since 
measuring the neutron energy spectrum of the source was beyond the scope of this work, 
a spectrum adapted from the work of Harvey et al [13] was used in the present study for 
simulation purposes. The neutron spectrum was approximated by a histogram with an 
energy resolution of 0.5 MeV as shown in Figure 2.3. 
 
  
Figure 2.2 Geometry of the experimental arrangement in MCNP; m1-water, m2-Pu-Be 
source, m3- borated paraffin, m4-cement sample, and m5-H3 detector 
 
2.3.3. Determination of the Reaction Rate. The estimate of the neutron flux in 
the cell describing the detector was scored with a track length F4 tally. The tally 
multiplier FM card was also used to estimate the absorption reaction rate in the detector 
cell which corresponds to the actual nuclear reaction by which thermal neutrons are 
detected in Helium 3-proportional counters, this is: 

























































Figure 2.3 Neutron energy spectrum of the Pu-Be source [13] 
 
Table 2.3 Atomic composition and density of the materials used in the simulation 
Material Atomic Composition (%) Density 
(g/cm3) 
Water H (11.90%), O (88.1%) 1 
PuBe Source Pu-239 (66.93%), Be (33.07%) 2.9 
Plexiglass H (8%), C (59.98%) O (31.96%) 1.19 
Detector He-3 (80%), Kr-78(0.07%), Kr-80 (0.45%), 
Kr-82 (2.32%), Kr-83(2.3%), Kr-84(11.4%), Kr-86 (3.46%) 
0.008056 
Borated Paraffin C (31.6%), H (31.6%), Na (7.6%), B-10 (3.2%), 
B-11 (12.3%), O (13.7%) 
0.93 
Sample 1  H (3.17%), Si (6.81%), O (50.90%), Al (1.64%), Fe (1.53%), Ca 
(33.80%), Mg (1.27%), S (0.87%) 
1.8 
Sample 2 H (3.15%), Si (6.77%), O (50.63%), Al (1.63%), Fe (1.52%), Ca 
(33.55%), Mg (1.26%), S (0.87%), Sm-144 (0.02%), 
Sm-147 (0.09%), Sm-148 (0.07%), Sm-149 (0.09%), 
Sm-150 (0.05%), Sm-152 (0.17%), Sm-154 (0.14%) 
2 
Sample 3  H (3.06%), Si (6.57%), O (49.55%), Al (1.58%), Fe (1.48%), Ca 
(32.57%), Mg (1.22%), S (0.84%), Sm-144 (0.10%), 
Sm-147 (0.47%), Sm-148 (0.35%), Sm-149 (0.43%), 
Sm-150 (0.23%), Sm-152 (0.83%), Sm-154 (0.71%) 
2.33 
Sample 4 H (2.94%), Si (6.31%), O (48.17%), Al (1.52%), Fe (1.42%), Ca 
(31.31%), Mg (1.17%), S (0.81%), Sm-144 (0.19%), 
Sm-147 (0.95%), Sm-148 (0.71%), Sm-149 (0.88%), 
Sm-150 (0.47%), Sm-152 (1.70%), Sm-154 (1.44%) 
2.29 
Sample 5 H (2.69%), Si (5.78%), O (45.27%), Al (1.39%), Fe (1.30%), Ca 
(28.68%), Mg (1.08%), S (0.74%), Sm-144 (0.4%), 
Sm-147 (1.96%), Sm-148 (1.47%), Sm-149 (1.81%), 




3. RESULTS AND DISCUSSION 
 
3.1. DENSITY MEASUREMENTS  
Figure 3.1 gives the density for the five composites analyzed in this study. 
Initially the addition of samarium oxide increases the density of the samples until it 
reaches a maximum value when 10 wt% of the oxide is added to the cement paste. 
Beyond this point, the density decreases. 
 



















Figure 3.1 Density Sm2O3-WOPC composites 
 
3.2. TRANSMISSION EXPERIMENTS  
Table 3.1 gives the effective cross sections for the composites calculated from the 
experimental measurements. The results show that the addition of Sm2O3 enhances the 
attenuation properties of white ordinary Portland cement. Linear regression analysis of 
the experimental data is shown in Figure 3.2 The correlation between the content of 
Sm2O3 and the effective cross section of each sample is given by the following equation:  
 
∑ = 0.178 × (Sm2O3 𝑤𝑡%)𝑒𝑓𝑓 + 0.893                                (3) 
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where ∑𝑒𝑓𝑓  is the effective neutron cross section and Sm2O3 𝑤𝑡% is the weight 
fraction of samarium oxide used for the fabrication of the composite. 
 
Table 3.1 Results neutron attenuation properties of WOPC- Sm2O3 composites 
Sample 
wt% 






S1 0 40616 29721 0,606552 0,5149 
S2 1 40616 26660 0,63119 0,6669 
S3 5 40616 8919 0,63246 2,3969 
S4 10 40616 5236 0,62534 3,2759 
S5 20 40616 4257 0,56134 4,0182 
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Figure 3.2 Variation of the neutron effective cross section with Sm2O3 content 
 
3.3. MCNP SIMULATIONS  
Figure 3.3 shows the PuBe neutron spectrum at the sample location (20 cm from 
the source) when the source is moderated by water. Due to the interaction between the 
source neutrons with water, the amount of high energy neutrons is reduced and 
epithermal and thermal neutrons show up in the spectrum being larger than those noticed 
with the bare source. This result demonstrates that the moderation process used in this 
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Figure 3.3 PuBE neutron spectrum at the source location when the source is submerged 
in water 
 
Table 3.2 shows the comparison between the effective thermal cross sections of 
the composites obtained by experimental data and MCNP simulations. The simulations 
confirm that the cement composites with samarium oxides have better attenuation 
properties for thermal neutrons. In general, there exists good agreement between the 
results obtained by the experiments and the MCNP simulations. Yet, the results obtained 
from simulations tend to be lower than those measured. The reason for these differences 
is probably due to the simplifications and assumptions made in the simulation geometry. 
Likewise, the difference in the chemical composition between the actual composite slab 
and those utilized in the Monte Carlo simulation could contribute to the difference 





Table 3.2 Comparison between experimental and simulation results 
Sample Sm2O3 wt% Exp XS (cm-1) MCNP XS (cm-1) RD (%) 
S1 0 0.51489 0.47888 7.4 
S2 1 0.66699 0.68195 2.2 
S3 5 2.39695 2.20195 8.5 
S4 10 3.27598 2.98527 9.3 





















The neutron attenuation properties of white ordinary Portland cement modified 
with samarium oxide were studied. The results reveal that samarium oxide is an effective 
additive to enhance the neutron attenuation properties of cement against thermal 
neutrons. This is attributable to the high absorption cross section of the isotope Sm-149 
present in naturally occurring samarium oxide. The results also show that increasing the 
concentration of samarium oxide makes the cement paste more effective for shielding of 
thermal neutrons. A linear correlation was observed between the effectiveness of the 
shielding and the concentration of samarium oxide in the paste.  
The addition of samarium oxide also affects the density of the cement composites. 
However, the density seems to play little effect on the neutron attenuation capability of 
the samples because the highest effective thermal cross section was obtained for sample 
with the highest samarium concentration (WOPC+ Sm2O3 50 wt%) and not for the paste 
with the highest density (WOPC+ Sm2O3 10 wt%). This result demonstrates that 
optimizing the chemical composition with high absorbing elements is more effective than 
increasing density of the of the cement pastes for attenuation of thermal neutrons.    
From the calculation and the validation of the experiment performed it is clear 
that the Monte Carlo method is a feasible numerical technique to predict the attenuation 
properties of Sm2O3-WOPC composites. Both experimental and simulation results show 
good agreement with small differences which are probably attributable to the difference 
between the modeled and the actual PuBe neutron source as well as the difference 
between the simulated and real composition of the cement pastes.  
Although cement pastes modified with samarium oxide show better attenuation 
properties with respect to thermal neutrons, it is necessary to evaluate other structural 
properties that are also important for shielding applications. Likewise, it is recommended 
to study the gamma ray shielding capability of the WOPC- Sm2O3 and to use additional 
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4. CONCLUSIONS AND FUTURE WORK 
 
4.1.  CONCLUSIONS   
The structural, mechanical and attenuation properties of cement pastes modified 
with magnetite powder were studied to reveal the effect of fine aggregates on the 
mechanical and shielding characteristics of cementitious matrices. Composites were 
prepared via wet chemistry using different proportions of magnetite powder. The 
microstructure of the samples was characterized using scanning electron microscopy 
(SEM) and x-ray diffraction (XRD). The XRD results show that magnetite particles did 
not interact chemically with the cement matrix to form new radical phases. Also, 
magnetite contents increase in samples with the magnetite loading. The SEM 
micrographs show that at magnetite loadings of 20 wt%, there is good dispersion of the 
particles through the cement matrix; however, further increase in the magnetite loading 
leads to agglomeration of the particles making the cement matrix more heterogeneous.  
It was also found that addition of magnetite to white ordinary Portland cement 
pastes affects the stress-strain response of the samples. Composites with 1% and 20% by 
weight of magnetite exhibited the same kind of brittle behavior obtained for the plain 
WOPC paste; although, these pastes showed a higher peak stress with respect to the 
control sample. A  more ductile behavior was observed in composites prepared with 
magnetite additions of 2.5%,  5%, 10%, and 40%. For all these samples, the peak stress 
and the strain corresponding to peak stress were enhanced with respect to the plain 
WOPC control sample. Further improvements in toughness are also achieved for the 
samples with ductile behavior.   
Gamma ray attenuation measurements demonstrated that the addition of magnetite 
has little effect on the attenuation properties of the composite at 0.662 MeV. At this 
energy, the predominant attenuation mechanism in the samples is Compton scattering; 
therefore, the compositional effect upon the attenuation characteristics of the samples is 
small and the differences in the attenuation properties among the fabricated samples are 
small too.  
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The neutron attenuation properties of white ordinary Portland cement modified 
with samarium oxide were also studied. The results reveal that samarium oxide is an 
effective additive to enhance the neutron attenuation properties of cement against thermal 
neutrons. This is attributable to the high absorption cross section of the isotope Sm-149 
present in naturally occurring samarium oxide. The results also show that increasing the 
concentration of samarium oxide makes the cement paste more effective for shielding of 
thermal neutrons. A linear correlation was observed between the effectiveness of the 
shielding and the concentration of samarium oxide in the paste.  
The addition of samarium oxide also affects the density of the cement 
composites. However, the density seems to play little effect on the neutron attenuation 
capability of the samples because the highest effective thermal cross section was obtained 
for sample with the highest samarium concentration (WOPC+ Sm2O3 50 wt%) and not 
for the paste with the highest density (WOPC+ Sm2O3 10 wt%). This result demonstrates 
that optimizing the chemical composition with high absorbing elements is more effective 
than increasing density of the of the cement pastes for attenuation of thermal neutrons.    
Although cement pastes modified with samarium oxide show better attenuation 
properties with respect to thermal neutrons, it is necessary to evaluate other structural 
properties that are also important for shielding applications. Likewise, it is recommended 
to study the gamma ray shielding capability of the WOPC- Sm2O3 and to use additional 
additives that can improve the attenuation properties of the cement paste even further. 
4.2. FUTURE WORK  
The following are some of the areas that required further work: 
 More gamma ray transmission experiments must be conducted using sample of 
different thickness and gamma ray sources with multiple photopeaks such as    Co-60 
(1.173 and 1.333 MeV) or multisotopic Europium source (Eu-152, Eu-154 and Eu-155) 
which present 14 different peaks. By doing this, it will be possible not only to better 
characterize the attenuation properties at a given energy, but also to study the shielding 
capabilities of the samples over energy ranges where other attenuation mechanisms such 
as photoelectric effect or pair production become more important. In those cases, the 
difference in the chemical composition of the samples is expected to affect the 
attenuation properties of the composites to a greater extend.  
54 
 
 If a multipeak gamma source is used for the transmission experiment, it is 
advisable to use a high purity germanium detector (HPGe) instead of the NaI detector 
used in this work. The higher resolution of the HPGe will allow unfolding the gamma 
spectra more efficiently. Also, it is recommended to use commercial gamma 
spectroscopy software to fit the peaks and obtain and accurate estimation of their net 
area. The procedure for net peak area evaluation used in this work is appropriate for 
simple spectrum like the one obtained for the Cs-137 source; however, it fails when 
multiple peaks pile up together.  
 The MCNP code can be used to optimize parameters of the geometry for the 
gamma transmission experiment such as the distance between the collimators, the 
distance between the source and the detector and so on. By doing this, it will be easier to 
obtain a better approximation of the narrow beam geometry that is required for 
transmission experiments. The MCNP also needs to be enhanced to include more 
accurate details of the experimental setup. A better representation of the NaI detector will 
provide more accurate values for the energy deposited in the real experiments and 
therefore better estimates of the attenuation properties of the samples will be obtained. 
 The experimental setup used in this work for neutron measurements only gives a 
rough estimate of the attenuation properties of the composites against thermal and 
epithermal neutrons. For better characterization of the attenuation properties, it is 
recommended to use other systems such as a neutron generator or a neutron 
diffractometer to create a monochromatic beam of neutrons for the transmission 
experiment. This will help to obtain the actual thermal and fast neutron removal cross 
section of the samples instead of the effective cross section. 
 The current MCNP model must be updated to include the actual chemical 
composition and energy neutron spectrum of the PuBe source. To do so, the energy 
neutron spectrum of the source must be measured experimentally by neutron activation 
analysis of different foils. Additionally, the simulation model can be also used to 
optimize some geometry parameters of the transmission experiment such as the distance 































The net area of the gamma ray peak for the Cs-137 spectrum was determined by 
simply adding up the counts from each of the channel in the peak range and then 
subtracting the contribution of the continuum background in which the peak lies. The 
contribution of the continuum background was determined by averaging on two clean 
regions of the spectrum as shown in figure A.1. In this approach, the uncertainty in the 
peak area assumed to be simply due to statistical fluctuations in the areas determined. If 
the area of the peak is A, the full width of the peak (in channels) is Wp, the area of the 
background only region is B and its width WB, then the net peak area (N) is:  
𝑁 = 𝐴 − 𝐵
𝑊𝑝
𝑊𝑏
                                                            (A.1) 
And, keeping in mind that 𝜎𝐴
2 = 𝐴 and 𝜎𝐵
2 = 𝐵, the uncertainty is given by:  
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The uncertainty of the mass attenuation coefficient was determined using the error 








)                                                         (B.1) 
Where 𝑥 is the thickness of the attenuator, and 𝐼0 and 𝐼 are the incident and 
attenuated beam intensities respectively. Assuming that the variables are independent, the 














2                                             (B.2) 
An analogous procedure was then used to calculate the standard deviation of the 
mass attenuation coefficient (MAC). Error propagation was applied to the MAC equation 
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The following two MCNP input decks were used for the gamma rays and neutron 
calculations: 
 
1mcnp     version 6     ld=05/08/13                     05/05/16 09:49:42  
 
************************************************************************
*                 probid =  05/05/16 09:49:42  
 i=sample.txt tasks 8                                                             
         1-       Linear Afftenuatuion Coefficient                                                 
         2-       c                                                                                
         3-       c ------------------CELL CARD--------------------------                          
         4-       1   0  -1 5 -8 imp:p=1   $ Beam 1                                                
         5-       2   0  -1 -4 2 imp:p=1   $ Beam 2                                                
         6-       3   0 1 2 -3 -9 10 -12 11 imp:p=1   $ Before Collimator                          
         7-       4   1 -11.34 1 3 -4 -9 10 -12 11 VOL=496.07 imp:p=1   $ Collimator 1             
         8-       5   2 -1.7 -20 4 -5 imp:p=4 $ sample                                             
         9-       6   0  4 -6 -9 10 -12 11 1 (20:5) imp:p=1 $Between collimators                   
        10-       7   1 -11.34 1 6 -7 -9 10 -12 11 VOL=496.07 imp:p=1 $ Collimator 2               
        11-       8   0  1 7 -8 -9 10 -12 11 imp:p=1 $ After Collimator 2                          
        12-       c 9   0   7 -8 -1 imp:p=4 $ Detector                                             
        13-       10 0 -2:8:-11:12:9:-10 imp:p=0 $ Outside Kill all photons                        
        14-       c                                                                                
        15-                                                                                        
        16-       c ------------------SURFACE CARDs--------------------------                      
        17-       1   cy 0.5         $ Diameter hole                                               
        18-       2   py 0          $ Left border                                                  
        19-       3   py 1                                                                         
        20-       4   py 6                                                                         
        21-       5   py 6.6424                                                                    
        22-       6   py 11                                                                        
        23-       7   py 16                                                                        
        24-       8   py 17                                                                        
        25-       9   px 10                                                                        
        26-       10  px -10                                                                       
        27-       11  pz -2.5                                                                      
        28-       12  pz 2.5                                                                       
        29-       13 cy 2.5                                                                        
        30-       14 py 15.5                                                                       
        31-       20 cy 2.5                                                                        
        32-       c                                                                                                                                                   
        33-       c ------------------DATA CARD--------------------------                          
        34-       c                                                                                
        35-       mode p                               $ photon mode only                          
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        36-       nps 100000000                           $ number of histories  to be run         
        37-       c                                                                                
        38-       c -----------Europium Gamma Ray Source------------------                         
        39-       SDEF POS 0 0.5 0  PAR=2 ERG= 0.662                                         $ pos 
        40-       c ------------------DETECTORS--------------------------                          
        41-       f2:p  7                          $ Average surface flux                          
        42-       sd2  100                                                                         
        43-       ft2   INC                                                                        
        44-       fu2   0  10000  T                 $ tally: uncollided & collided dose            
        45-       c                                                                                
        46-       c ------------------MATERIALS--------------------------                          
        47-       c ---------Pb sample (density 11.34 g/cm^3)-----------                           
        48-       m1 82206 0.24100 82207 0.22100 82208 0.52400   $Lead                             
        49-       m2  14000   -0.064                             $  %wt Si                         
        50-             8016  -0.4925                                $  %wt O                      
        51-             13000 -0.0156                                 $  %wt Al                    
        52-             26000 -0.0630                                $  %wt Fe                     
        53-             20000 -0.3150                                $  %wt Ca                     
        54-             12000 -0.0120                                $  %wt Mg                     
        55-             16000 -0.0081                                $  %wt S                      
        56-             1001  -0.0294                                $  %wt H                      
        57-             25000 -0.0005                                                           
        58-       c      
 
 
1-       Neutron Experiments                                                              
         2-       c                                                                                
         3-       c ------------------CELL CARD--------------------------                          
         4-       c mat  rho (g/cc) surfaces              importance                               
         5-       c mat  rho (g/cc) surfaces              importance                               
         6-       1 4   -1.19  10 -11 -15 17 20 -18    imp:n=1 $Tank                               
         7-       2 4   -1.19  -12 13 -15 17 20 -18    imp:n=1 $Tank                               
         8-       3 4   -1.19  20 -19 -14 16 -10 12    imp:n=1 $Tank                               
         9-       4 4   -1.19  -16 17 -10 12 20 -18    imp:n=1 $Tank                               
        10-       5 4   -1.19  14 -15 -10 12 20 -18    imp:n=1 $Tank                               
        11-       6 2   -1     -10 12 -14 16 19 -21 #11 #8   imp:n=8 $Water                        
        12-       7 3   -0.93   11 -30 -14 16 20 -32 31  imp:n=8 $Paraffin                         
        13-       8 3   -0.93   19 -40 -10 43 -41 42    imp:n=8 $  $Paraffin                       
        14-       9 1   -2.29  44 -30 -31 imp:n=10 $sample                                         
        15-       10 5  -0.008056515 30 -46 -45 imp:n=12 $detector                                 
        16-       11 6  -2.90 49 -48 -47 imp:n=8 $PuBe source                                      
        17-       12 0 (13 -46 -18 20 -15 17) #1 #2                                                
        18-             #3 #4 #5 #6 #7 #8 #9 #10 #11 imp:n=8  $air                                 
        19-       13 0 (-13:46:18:-20:15:-17) imp:n=0                                              
        20-                                                                                        
        21-       c ----------------- SURFACE CARDS---------------------                           
62 
 
        22-       C Plaxiglass Tank                                                                
        23-       10 py 17                                                                         
        24-       11 py 17.05                                                                      
        25-       12 py -44                                                                        
        26-       13 py -44.05                                                                     
        27-       14 px 17.05                                                                      
        28-       15 px 18                                                                         
        29-       16 px -17.05                                                                     
        30-       17 px -18                                                                        
        31-       18 pz 36                                                                         
        32-       19 pz -6                                                                         
        33-       20 pz -6.05                                                                      
        34-       21 pz 17                                                                         
        35-       c Paraffin Wax                                                                   
        36-       30 py 20.55                                                                      
        37-       31 cy 2.5                                                                        
        38-       32 pz 14.5                                                                       
        39-       40 pz -4.5                                                                       
        40-       41 px 10.5                                                                       
        41-       42 px -10.5                                                                      
        42-       43 py -21                                                                        
        43-       44 py 19.924652                                                                  
        44-       45 cy 1                                                                          
        45-       46 py 21.55                                                                      
        46-       c source                                                                         
        47-       47 cz 1.64                                                                       
        48-       48 pz 4.09                                                                       
        49-       49 pz -4.09                                                                      
        50-       c outside of everything                                                          
        51-       100 so 100                                                                       
        52-                                                                                        
        53-       c ------------------DATA CARD--------------------------                          
        54-       c                                                                                
        55-       mode n                              $ neutron mode only                          
        56-       nps 1e8                           $ number of histories  to be run               
        57-       c                                                                                
        58-       c Source Definition                                                              
        59-       SDEF POS=0 0 -4.09 AXS= 0 0 1 ERG=d1 RAD=d2 EXT=d3                               
        60-       si1 h 0 .25                                                                      
        61-             .5                                                                         
        62-             .75                                                                        
        63-             1                                                                          
        64-             1.25                                                                       
        65-             1.5                                                                        
        66-             1.75                                                                       
        67-             2                                                                          
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        68-             2.25                                                                       
        69-             2.5                                                                        
        70-             2.75                                                                       
        71-             3                                                                          
        72-             3.25                                                                       
        73-             3.5                                                                        
        74-             3.75                                                                       
        75-             4                                                                          
        76-             4.25                                                                       
        77-             4.5                                                                        
        78-             4.75                                                                       
        79-             5                                                                          
        80-             5.25                                                                       
        81-             5.5                                                                        
        82-             5.75                                                                       
        83-             6                                                                          
        84-             6.25                                                                       
        85-             6.5                                                                        
        86-             6.75                                                                       
        87-             7                                                                          
        88-             7.25                                                                       
        89-             7.5                                                                        
        90-             7.75                                                                       
        91-             8                                                                          
        92-             8.25                                                                       
        93-             8.5                                                                        
        94-             8.75                                                                       
        95-             9                                                                          
        96-             9.25                                                                       
        97-             9.5                                                                        
        98-             9.75                                                                       
        99-             10                                                                         
       100-             10.25                                                                      
       101-             10.5                                                                       
       102-             10.75                                                                      
       103-             11                                                                         
       104-             11.25                                                                      
       105-             11.5                                                                       
       106-             11.75                                                                      
       107-             12                                                                         
       108-       SP1 d 0 2.39E-4                                                                  
       109-             4.95E-3                                                                    
       110-             1.29E-2                                                                    
       111-             1.69E-2                                                                    
       112-             1.73E-2                                                                    
       113-             1.54E-2                                                                    
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       114-             1.17E-2                                                                    
       115-             1.59E-2                                                                    
       116-             1.93E-2                                                                    
       117-             2.15E-2                                                                    
       118-             2.62E-2                                                                    
       119-             3.84E-2                                                                    
       120-             4.96E-2                                                                    
       121-             5.22E-2                                                                    
       122-             5.01E-2                                                                    
       123-             4.72E-2                                                                    
       124-             4.49E-2                                                                    
       125-             4.32E-2                                                                    
       126-             4.13E-2                                                                    
       127-             3.89E-2                                                                    
       128-             3.35E-2                                                                    
       129-             2.76E-2                                                                    
       130-             2.49E-2                                                                    
       131-             2.40E-2                                                                    
       132-             2.09E-2                                                                    
       133-             2.12E-2                                                                    
       134-             2.39E-2                                                                    
       135-             2.50E-2                                                                    
       136-             2.50E-2                                                                    
       137-             2.49E-2                                                                    
       138-             2.43E-2                                                                    
       139-             2.30E-2                                                                    
       140-             2.11E-2                                                                    
       141-             1.94E-2                                                                    
       142-             1.82E-2                                                                    
       143-             1.75E-2                                                                    
       144-             1.67E-2                                                                    
       145-             1.47E-2                                                                    
       146-             1.13E-2                                                                    
       147-             7.08E-3                                                                    
       148-             3.98E-3                                                                    
       149-             2.57E-3                                                                    
       150-             1.34E-3                                                                    
       151-             4.27E-4                                                                    
       152-             5.93E-6                                                                    
       153-             1.23E-8                                                                    
       154-             9.78E-9                                                                    
       155-             7.74E-9                                                                    
       156-       si2 0 1.64                                                                       
       157-       sp2 -21 1                                                                        
       158-       si3 0 8.18                                                                       
       159-       sp3 -21 0                                                                        
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       160-       c Detector                                                                       
       161-       F4:n 10                                                                          
       162-       FM4 (3.14159E+00) (-3.14159E+00 5 (-2))                                          
       163-       c FT4   INC                                                                      
       164-       c FU4   0 1000 T                                                                 
       165-       E4 2.5e-8 4.140e-7 .25 .5 .75 1 1.25 1.5                                         
       166-             1.75 2 2.25 2.5 2.75 3 3.25                                                
       167-             3.5 3.75 4 4.25 4.5 4.75 5                                                 
       168-             5.25 5.5 5.75 6 6.25 6.5 6.75                                              
       169-             7 7.25 7.5 7.75 8 8.25 8.5                                                 
       170-             8.75 9 9.25 9.5 9.75 10 10.25                                              
       171-             10.5 10.75 11 11.25 11.5 11.75                                             
       172-             12                                                                         
       173-       c                                                                                
       174-       c ----------------- METERIALS---------------------                               
       175-       c sample                                                                         
       176-       m1   1001.70c  -0.0294    $  Hydrogen                         $  Hydrogen        
       177-             14000.42c -0.0631  $ Silicon                                               
       178-             8016.70c  -0.4817 $ Oxygen                                                 
       179-             13027.70c -0.0152  $ Aluminum                                              
       180-             26000.42c -0.0142  $ Iron                                                  
       181-             20000.24c -0.3131 $ Calcium                                                
       182-             12000.42c -0.0117 $ Magnesium                                              
       183-             16000.60c -0.0081  $ Sulfur                                                
       184-             62144.70c -0.0019 $ Sm 144                                                 
       185-             62147.70c -0.0095  $ Sm 147                                                
       186-             62148.70c -0.0071  $ Sm 148                                                
       187-             62149.70c -0.0088  $ Sm 149                                                
       188-             62150.70c -0.0047  $ Sm 150                                                
       189-             62152.70c -0.017 $ Sm 152                                                  
       190-             62154.70c -0.00144  $ Sm 154                                               
       191-       c water                                                                          
       192-       m2 1001.70c -0.1190 $ Hydrogen                                                   
       193-            8016.70c -0.88810 $Oxygen                                                   
       194-       c Boraffin rho=0.93 g/cc                                                         
       195-       m3 6000.70c 0.316                                                                
       196-             1001.70c 0.316                                                             
       197-             11023.70c 0.076923077                                                      
       198-             5010.70c  0.030615385                                                      
       199-             5011.70c  0.123230769                                                      
       200-             8016.70c  0.137307692                                                      
       201-       c Plexiglass                                                                     
       202-       m4 1001.70c 0.080538                                                             
       203-            6000.70c 0.599848                                                           
       204-            8016.70c 0.319614                                                           
       205-       c Detector                                                                       
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       206-       m5 2003.70c -0.8                                                                 
       207-             36078.70c -0.0007                                                          
       208-             36080.70c -0.0045                                                          
       209-             36082.70c -0.0232                                                          
       210-             36083.70c -0.023                                                           
       211-             36084.70c -0.114                                                           
       212-             36086.70c -0.0346                                                          
       213-       C Pu-Be Source rho=2.9 g/cc                                                      
       214-       m6 94239.66c -0.6693                                                             
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